Abstract-Distributed antenna systems (DASs) have been proposed for use in high-data-rate wireless communications. Connecting the central unit to remote antenna units, radio over fiber (RoF) links become essential parts of the DAS. One of the major problems in the RoF links is the nonlinear distortion experienced in its optoelectronic devices. This paper considers the adaptive compensation of the nonlinear RoF link. In particular, we present an extension to the conventional least-mean-square algorithm for memory-polynomial-based predistortion. In addition, we study different combinations of the algorithms for the predistortion. Moreover, we implement the adaptive predistorter in hardware, build a real RoF link, and verify the performance by measurements. The results demonstrate that distortion of the RoF link can be considerably diminished with a low complexity design.
I. INTRODUCTION

D
UE TO AN ever-increasing need for higher data rates in wireless communication, spectrally efficient modulation methods, e.g., orthogonal frequency-division multiplexing (OFDM), and multiple-input multiple-output (MIMO) techniques are required. On the other hand, in a cellular network, numerous conventional and expensive base stations are needed, and increased inter-cell-interference and handovers limit the capacity due to the need for small cells.
The concept of virtual MIMO, or a distributed antenna system (DAS), has been proposed as a solution to the above-mentioned problems, see, e.g., [1] , [2] . In such a system, conventional base stations can be replaced by simple remote antenna units (RAUs) connected via optical fibers, i.e., radio over fiber (RoF) links, to a central unit (CU) . Almost all the signal processing can be centralized in the CU, allowing the RAUs to be as simple and L. C. Vieira, N. J. Gomes, and A. Nkansah are with University of Kent, Canterbury, Kent, CT2 7NT, UK (e-mail: lcv3@kent.ac.uk).
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Digital Object Identifier 10.1109/TCSI.2011.2167267 inexpensive as possible [2] . The DAS enables centralized processing with perfect cooperation between the RAUs. Handovers and inter-cell interference mitigation are handled more easily by the CU via a RoF network. Despite the RoF technology having benefits of low attenuation and enormous bandwidth, nonlinear distortion experienced in its optoelectronic devices may be one of the major problems in the RoF links [3] . Due to its simplicity and general ease of implementation, predistortion has been widely studied for the compensation of the nonlinearities stemming from the RoF links or power amplifiers, see, e.g., [4] , [5] and references therein. For example, in [4] , a memoryless polynomial predistorter is presented for RoF link compensation. The system model considers a single-carrier constant-envelope quadrature phase shift keying (QPSK) signal. For the adaptation in the model, a recursive least squares (RLS) solution is used-although such a solution would be challenging for practical systems in terms of complexity and numerical stability ( [6] , p. 659).
A low-complexity least-mean-square (LMS) algorithm has been widely studied for the identification and compensation of nonlinear systems, see, e.g., [7] - [12] . In [7] , the use of the LMS algorithm is seen as inappropriate for nonlinear compensation because the convergence speed is extremely slow for higherorder nonlinearities. In [8] , an adaptive Volterra filter based on the LMS algorithm is used for the control of a nonlinear noise process. The same step size for all nonlinear polynomial orders within one Volterra filter is used in that paper. In [9] , [10] , the LMS algorithm is used for the compensation of power amplifiers. In both papers, only one step size is used for all the nonlinearity orders in the algorithm.
In [11] , when identifying a nonlinear Wiener system, the step size of the LMS algorithm is scaled according to the signal power. In addition, in [12] , different LMS step sizes have been used for different polynomial orders in the predistorter. However, details of the step sizes or their descriptions are not given in [12] .
A combination of using a software algorithm in a general purpose digital signal processor (DSP) for adapting the predistortion coefficients and a real-time hardware implementation on a field programmable gate array (FPGA) for the predistorter has been studied, e.g., in [13] , [14] , for implementing an adaptive predistorter for compensating power amplifier nonlinearity. The predistorters therein were based on the Volterra series and nonlinear auto-regressive moving average (NARMA) architectures, respectively.
In this paper, we study compensation of the nonlinear RoF link. In particular, we introduce adaptive algorithms for the predistorter. More specifically, we provide detail on how the LMS step sizes for different nonlinearity orders are scaled for the 1549-8328/$26.00 © 2011 IEEE memory-polynomial-based predistortion. In addition, we study different combinations of the algorithms for the predistortion. To show the feasibility of our adaptive predistortion concept, we implement the adaptive predistorter in hardware, build a real RoF link, and verify the performance by measurements.
Part of this paper was presented in our earlier conference paper [15] , where we introduced the idea of modifying the LMS algorithm. Preliminary results of the work have also been shown in [16] with off-line measurements, improving mainly static nonlinearity, showing only small EVM improvement. However, neither comparisons of the adaptive algorithms nor FPGA implementation were carried out in [16] .
The predistortion performance strongly depends on the way that the nonlinear behavior of a device/link is observed and modeled. In our work, the experimental data are taken using an OFDM input signal with 64QAM (quadrature amplitude modulation) data, which represents a far more complex test signal than a single-carrier constant-envelope QPSK signal, for example. The high peak-to-average power ratio (PAPR) of the OFDM signal and the dynamic measurement technique used, allow us to capture both the static and dynamic RoF link nonlinearities. Thus, the predistorter is identified from a measurement setup that replicates very well real-application nonlinear link behavior. In addition, the predistortion performance is evaluated in real time using a FPGA-based predistorter preceding the RoF link.
The rest of the paper is organized as follows. In Section II, we introduce the system model and discuss the RoF technology and its fabrication and modeling. Then, we discuss the predistortion algorithms and architecture in Section III. In Section IV, we present the measurement setup and demonstrate the predistortion performance by measurements. Finally, Section V presents conclusions.
II. SYSTEM DESCRIPTION
A. System Model
A simplified block diagram of the system model is depicted in Fig. 1 , showing the compensation of the nonlinearities in the downlink (DL) direction and the possible use of the uplink (UL) RoF link as a feedback connection. An OFDM signal is generated in the CU and fed through a predistorter, which compensates distortion induced by the DL RoF link. From the RAU, the signal is transmitted over the air to the user. To implement adaptive compensation, a feedback signal is provided from the RAU back to the CU, e.g., through the UL RoF link. The coefficients of the adaptive predistorter are adjusted by a controller/ postdistorter.
The OFDM signal consists of 115 data subcarriers and 13 zero subcarriers within an IFFT of size 128. The signal bandwidth 
B. RoF System Description
In RoF technology, analog RF signals are transmitted transparently over a fiber distribution system. This type of signal transmission leads to simpler RAUs, and the analog signals generally occupy less bandwidth than their baseband equivalents. In addition, analog signal transmission is necessary in order to implement the joint processing of signals for the virtual MIMO system mentioned above. Transmission of digitized IF signals is also possible, but is not considered an economically feasible solution for high data rate wireless communications [18] .
Direct modulation and external modulation are the most common modulation techniques used for RoF links. A single device-usually a distributed feedback (DFB) laser-serves both as the optical source and the RF/optical modulator for the direct modulation method, whereas an additional optical component is needed as modulator for the external modulation method, making this solution more expensive than direct modulation.
The nonlinear distortion in RoF links comes mainly from the optical modulation device [19] . However, the level of distortion in the output signal depends on the input signal amplitude and the modulation bandwidth. Chromatic dispersion of single-mode optical fibers for long links and saturation of photodiodes at high optical power may cause some nonlinear effects. However, using adequate link design and reasonable fiber length, distortion from the fiber itself and the photodiode can be neglected.
In this work, a directly modulated RoF link is used for the experiments. The laser module consists of a Teradian uncooled DFB laser emitting at a wavelength of 1550 nm with an optical power of 5 dBm. It has a slope efficiency around 0.13 W/A, threshold current of 7 mA, and relaxation resonance around 3.5 GHz. The package includes a 30-dB isolator. A current source module is used to bias the laser at 31 mA through a surface mount bias tee and a resistor for impedance matching. All the components are mounted on a printed circuit board and enclosed in a metallic box for RF radiation shielding, as shown in Fig. 2 . The RF signal from an external source is combined with the dc current from the current source to modulate the laser. The modulated optical signal is then launched into a single mode fiber (SMF) pigtail of 1-m length plus an optical attenuator of 10 dB, followed by a 1-m SMF patch cord to connect to the photodiode. The 10-dB attenuation replicates the expected loss from power splitters, connectors and fiber attenuation in the distribution network. As the fiber distances are relatively short and transmission frequencies are not high (in [2] , the transmission at IF frequencies is proposed), dispersion is not considered to be a severe limitation in this work. The photodiode module consists of an Appointech PIN photodiode, with bandwidth of 2.5 GHz and responsivity of 1 A/W, mounted on a printed circuit board with a bias tee, and enclosed in a metallic box similar to the laser module.
The setup used for testing and modeling the RoF link is depicted in Fig. 3 . Initially, the RoF link was tested using a singletone input signal of 50 MHz with its power being swept from to dBm, there being found an optical link gain of dB and a 1-dB compression point of dBm. Then, a dynamic nonlinear modeling of the RoF link was performed using an OFDM input signal and, for the first time, a memory polynomial model [20] . In this approach, the memory polynomial model is obtained from measurements of the baseband input-output signals, using a time-domain measurement technique and a least-squares-based fitting algorithm. For the model extraction, the OFDM signal was downloaded into the Agilent E4438C vector signal generator (VSG), where the signal was modulated onto an RF carrier of 50 MHz and dBm (at the laser input). The Agilent E4440A vector signal analyzer (VSA) was then connected to the VSG output in order to register its modulated signal as a reference for the modeling extraction. After that, the VSA was connected to the RoF link output, so that its response could be registered. The precise frequency and time alignment required to find the amplitude and phase distortion is accomplished by the digital signal processing code in the Agilent Distortion Suite software. The RoF memory polynomial model structure is the same as that used for the predistorter, as will be described in Section III, with its memory length set to 3 and the nonlinear order set to 5. As a measure of the fitting accuracy, the normalized mean square error (NMSE) is used, which was computed as dB. This model accuracy is close to the result reported in [20] , considering the same and parameters. In order to align the input/output power levels at the RoF link with the power levels available from/to the measurement and prototyping platform (see Fig. 5 ) and drive the laser into its nonlinear operating region, two amplifiers and one RF attenuator are used, as shown in Fig. 3 . The first amplifier, model Mini-Circuits ZHL-4240W, has a gain of 45 dB, with frequency range from 10 to 4200 MHz and 1-dB compression point (output) of dBm. The VSG power was set to dBm, which means 12 dB below the amplifier compression point. A 31-dB gain amplifier, model Mini-Circuits ZKL-2, is inserted after the photodiode with frequency range from 10 to 2000 MHz and 1-dB compression point (output) of dBm. In the final predistortion experiments using the prototyping platform, input RF powers to the laser of 5 dBm and 8 dBm were used, corresponding to rms modulation depths of 39.2% and 55.4%, respectively. As these are OFDM signals with high PAPRs, the laser was clearly being driven below threshold.
III. PREDISTORTION ALGORITHMS AND ARCHITECTURE
For the compensation of the RoF link, a predistorter structure based on memory polynomials [21] is used. The predistorter output is given by (1) where is the input signal, are the polynomial coefficients, and and are the predistorter nonlinearity order and memory length, respectively. Equation (1) is a simplification of the Volterra series where only diagonal terms in the Volterra kernels are included. In this work, we use only the odd-order nonlinear terms (i.e., ) in (1) in the predistorter because the hardware implementation is simpler. As a trade-off, a small performance degradation may result, see, e.g., [22] .
The adaptive identification of the predistorter is performed using an indirect learning architecture [21] , which is a form of nonlinear adaptive inverse control (see the block diagram in Fig. 4) . In this architecture, the predistorter-training block, i.e., the postdistorter, is driven by the normalized output of the RoF link and the predistorter output. In order to achieve the inverse of the RoF link, the postdistorter block adjusts its parameters using an adaptive optimization algorithm. After processing a block of, say, 4000 input/output samples, the inverse model, i.e., the postdistorter, is directly used as the predistorter.
It is well known that the nonlinear characteristics of the RoF link vary in time due to thermal effects and ageing of the components, etc. However, such variations occur slowly. Therefore, we assume that real-time processing in the adaptation is not needed. In this work, the adaptation is performed off-line using stored signals. This makes it possible to consider floating-point arithmetic, enabling maximum accuracy. A practical implementation could be done with a digital signal processor (DSP). This approach makes it possible to change adaptation algorithms in a flexible manner. Note that the predistortion itself must be done in real time, e.g., on an FPGA using fixed-point calculation.
For the adaptation of the predistorter, both an LMS algorithm [23] and an RLS solution [24] are used. The LMS algorithm is widely used due to its low complexity. The main limitation of the algorithm is the trade-off between its convergence speed and steady-state misadjustment, as both are governed by the step size. The step size dependency on the signal power is discussed in ([6] , p. 643): the upper limit is inversely proportional to the signal power. That means that when halving the signal power, a doubling of the step size is required for unchanged performance. The speed of the convergence increases by using individually scaled adaptation step sizes for the different nonlinear orders of the signal (see [15] for a comparison between the scaled and nonscaled algorithms).
In this work, the conventional LMS approach used in linear systems is extended to memory polynomial predistorter adaptation. For this purpose, adaptation step sizes of all nonlinear orders are properly scaled. Thus we define (2) where n and denotes matrix transpose. Then, to keep the step sizes within reasonable levels relative to , they are normalized as follows:
Thus, the modified LMS algorithm is given by
where denotes Hermitian transpose. Note that if the signal powers are known in advance, these normalizations do not need to be carried out in the actual adaptation.
In addition to LMS, the RLS solution [24] is also used for the adaptation. In [25] , the RLS solution is used for the memory polynomial predistortion. It is given by [25] 
where is the forgetting factor and is defined in the same way as in (2) .
As already discussed above, the adaptive algorithms can be implemented in a DSP, giving the possibility of changing the algorithm at any time. Implementations of both algorithms may be contained in the DSP, and in order to obtain both fast convergence and energy saving, the RLS solution could be used in the first iteration round and the LMS algorithm afterwards. To obtain benefits in practical implementations, the RLS may be dedicated to the calibration of the systems, and the LMS may be used during data transmission for tracking or fine tuning.
A long distance between the RAU and CU introduces one additional problem in the adaptive compensation of the RoF link: how to provide the feedback signal from the RAU to the CU. In practice, the feedback connection has to be arranged over another RoF link. Considering time-division duplexing (TDD) systems, the UL RoF link can be used as the feedback connection, see Fig. 1 . In frequency-division duplexing (FDD) systems, a separate feedback connection may be needed. However, as the feedback connection is required only occasionally, due to slow changes of nonlinearity, another option could be to use the UL RoF link for feedback on request.
The feedback over the RoF link can be as nonlinear as the RoF link to be compensated, i.e., the DL RoF link in Fig. 1 . Because the predistorter should ideally see only the nonlinearities it tries to compensate, the nonlinear, uncompensated feedback link would collapse the performance of the predistorter. A solution for that would be to use an approach where the UL RoF link is first compensated using a postdistorter and known training signal from the RAU, see Fig. 1 . Then, the already compensated UL RoF link can be used as the feedback link for compensation of the DL RoF link. For more information on compensation studies in the presence of nonideal feedback, the reader is referred to [26] .
IV. RESULTS
A. Prototyping Environment
A block diagram of the prototype demonstration setup is shown in Fig. 5 . The system consists of a host PC, an FPGA-based hardware platform and the RoF link itself. The PC, running Matlab, is used to control the measurements and provide an interface to the hardware. The hardware platform contains signal processing units on separate FPGA circuits in both the transmitter (TX) and receiver (RX) units. In order to verify the performance of the predistorter using fixed-point processing and to achieve the acceleration of real-time processing, an FPGA implementation of the predistorter was designed and integrated into one of the TX unit's XC2VP40 FPGAs [27] .
At the transmitter side, the signal chain consists of conversion from complex in-phase and quadrature (IQ) signal components to a digital IF signal and digital-to-analog (D/A) conversion. The receiver unit, which is used to provide the feedback link, reverses these operations in the analog-to-digital (A/D) conversion and IF to IQ conversion (see the OFDM signal specifications in Section II). A vector signal analyzer at the RoF link output is used to monitor signal power levels and observe the signal's spectral behavior.
As depicted in Fig. 5 , the signal can be predistorted either in software in the PC or in real time using fixed-point processing in the FPGA prior to being transmitted through the rest of the signal chain and RoF link. The predistorter in the FPGA operates on the baseband signal.
B. Measurements
In the measurements, the gain of the RoF link is scaled so that the maximum output signal amplitude is normalized to the maximum input signal amplitude, i.e., to unity. As discussed earlier, the predistorter memory length is set to 4 and nonlinearity order to 5, having only odd orders in use. In the predistorter training, each iteration uses a signal block of 4000 samples and the predistorter is updated after each block.
First, to show the nonlinearity and memory of the RoF link, its amplitude-to-amplitude (AM/AM) and amplitude-to-phase (AM/PM) characteristics are plotted in Figs. 6 and 7 (obtained using the OFDM signal). In the same figures, the corresponding curves of the predistorter and predistorted RoF link are shown as well. Using predistortion, the nonlinearity is well compensated and the memory effects are considerably reduced.
As can be seen in Fig. 7 , the RoF link induces some phase shift to the signal. When the average phase shift is compensated using, e.g., channel estimation, the residual noise-like effect on the signal constellation due to the nonlinearity is reduced, as shown in Fig. 8 (crosses) . To show the performance improvement due to the compensation, the constellation of the compensated signal is also depicted in the same figure (circles) . Here, a signal power at the laser input of 8 dBm and the floating-point predistorter with the RLS solution for the adaptation are used. Table I shows measured error vector magnitudes (EVMs) for the different predistorters (floating-and fixed-point) and adaptation algorithms, with different signal powers at the laser input. Using the floating-point predistorter with the RLS solution, the EVM can be reduced from 4.6% to 0.9% and from 3.6% to 0.7% when the signal powers are 8 dBm and 5 dBm, respectively. With the RLS LMS combination (see Section III) and the LMS cases, the performance improvements are roughly similar. As can be seen, the fixed-point predistorter using a word length of 12 bits actually gives the same performance as the floating-point predistorter. With a word length of 10 bits, a small degradation is observed.
Using an 8-bit predistorter, it is clear that the accuracy and performance of the predistorter starts to deteriorate due to larger quantization errors. In addition, in this case, the performance with the RLS solution is worst. We assume that the inaccuracy Fig. 9 . Spectra of uncompensated, and compensated signals using floating-point, fixed-point (12 bits), and fixed-point (8 bits) predistorters.
due to the quantization errors accumulates in the various complex operations of the RLS solution, as stated in ( [6] , p. 659).
When using the RLS solution, convergence of the algorithm is achieved after just one iteration round, whereas the LMS algorithm takes about 30 iterations. The compensated EVM is calculated after the algorithms are converged. A ratio of average error power to average constellation power is used as a basis of the EVM calculations.
The step sizes for the LMS algorithm have been determined during several tests with the measurement platform and they give the maximum achievable speed of convergence. For the higher, i.e., 8-dBm, signal power at the laser input, the step size in (3) is set to 0.001, and for the lower signal power, to 0.0015. In the case of the RLS LMS combination, the step sizes for the LMS are 0.0005. Here, the step size can be smaller because the algorithm is already converged due to the use of the RLS solution in the first iteration.
Finally, the signal spectra at the output of the uncompensated and compensated RoF link are shown in Fig. 9 . Using the floating-point predistorter and the fixed-point predistorter with 12-bit word length as well, the spectrum sidelobes close to the signal band are about 10 dB lower than in the uncompensated case. The fixed-point predistorter having a word length of 8 bits does not give good performance, just as was found in the EVM tests.
As already mentioned, for the results shown in this paper, only odd-order terms in the predistorter have been used. Additional tests were carried out using the even-order terms as well in the predistorter (implemented in Matlab), but only slight performance improvements were observed. The EVM improvement varied by up to 0.3% only, and was dependent on the case. The reader is also referred to [22] where, using even-and odd-order terms, some performance improvements have been reported.
V. CONCLUSION
In this paper, we considered the adaptive compensation of a nonlinear RoF link. In particular, we presented an extension to the conventional LMS algorithm for memory-polynomial-based predistortion. In addition, we studied different combinations of the algorithms for the predistortion. To show the feasibility of our adaptive predistortion concept, we implemented the predistorter in hardware, built a real RoF link, and verified the performance by measurements. To the best of the authors' knowledge, this is the first time that the digital predistortion technique has been demonstrated for RoF links using an FPGA-based implementation and low-cost electro-optical link components.
The performance results demonstrate that distortion of the RoF link can be considerably diminished with a low-complexity design. Using the predistortion, the RoF link nonlinearity is well compensated and the memory effects are considerably reduced. Using the combination of the RLS and LMS algorithms, both fast convergence and low algorithmic complexity are achieved. The fixed-point predistorter with a word length of 12 bits gives performance as good as the floating-point predistorter.
In future work, RoF links operating at higher frequencies-as is often the case for real wireless systems-will be investigated. Operation at higher frequencies, nearer the laser relaxation resonance, can be expected to create greater dynamic nonlinearity (leading to higher-order memory effects) and will be more affected by fiber dispersion. In some cases, it may be necessary to use frequency conversion and transmission at an intermediate frequency on the RoF link, but in these cases the nonlinearities of the RF mixers would need to be considered. His research interests include low-cost microwave and millimeter-wave radio-over-fiber networks and their deployment within premises.
